Human pluripotent stem cells have the potential to promote biological studies and accelerate drug discovery efforts by making possible direct experimentation on a variety of human cell types of interest. However, stem cell cultures are generally heterogeneous and efficient differentiation and purification protocols are often lacking. Here, we describe the generation of clustered regularlyinterspaced short palindromic repeats(CRISPR)-Cas9 engineered reporter knock-in embryonic stem cell lines in which tdTomato and a unique cell-surface protein, THY1.2, are expressed under the control of the retinal ganglion cell (RGC)-enriched gene BRN3B. Using these reporter cell lines, we greatly improved adherent stem cell differentiation to the RGC lineage by optimizing a novel combination of small molecules and established an anti-THY1.2-based protocol that allows for largescale RGC immunopurification. RNA-sequencing confirmed the similarity of the stem cell-derived RGCs to their endogenous human counterparts. Additionally, we developed an in vitro axonal injury model suitable for studying signaling pathways and mechanisms of human RGC cell death and for high-throughput screening for neuroprotective compounds. Using this system in combination with RNAi-based knockdown, we show that knockdown of dual leucine kinase (DLK) promotes survival of human RGCs, expanding to the human system prior reports that DLK inhibition is neuroprotective for murine RGCs. These improvements will facilitate the development and use of largescale experimental paradigms that require numbers of pure RGCs that were not previously obtainable. STEM CELLS TRANSLATIONAL MEDICINE 2017;6:1972-1986 
INTRODUCTION
The retina and the brain are connected by the optic nerve, a structure composed of glial cells and retinal ganglion cell (RGC) axons. Axonal injury and death of RGCs, which can occur due to trauma or diseases such as glaucoma, lead to irreversible vision loss. The current treatment strategy for glaucoma, the second leading cause of blindness worldwide [1, 2] , is based on lowering intraocular pressure (IOP) through pharmacological or surgical means, but IOP control is not always feasible, and even with significant IOP lowering RGC loss can still progress [3] . In addition, IOPindependent RGC injury and cell death occur in a number of other diseases [4] , such as dominant optic atrophy and Leber's hereditary optic neuropathy, diseases with a relatively early onset and no approved treatment options. A neuroprotective therapeutic strategy that promotes RGC function and survival could provide a novel approach appropriate for treatment of the whole group of RGC-related neurodegenerative diseases [5] .
In addition to the use of model organisms for studies of disease, pluripotent stem cells (PSCs) can also be used to generate cell types of interest in disease modeling efforts [6] [7] [8] [9] [10] and can, at times, reveal insights that are specific to the human system [10] . PSCs can be differentiated to retinal cells including RGCs using a growing number of protocols [11] [12] [13] [14] [15] [16] [17] [18] . Using three-dimensional (3D) aggregate suspension cultures, it has become possible to form retinal organoids [11-13, 15, 19] that contain all of the expected retinal layers. When looking for structural developmental phenotypes, these 3D organoids provide a useful window into a world of human development that is otherwise difficult to access. However, in order to generate cells for large-scale cell type specific experiments, such as those used for drug screening, target discovery, and biochemical analysis, it is often advantageous to differentiate cells using high-throughput adherent protocols that maximize yield of the cells of interest.
As reported previously, we developed an adherent cell culture protocol for RGC differentiation using a CRISPR-Cas9 generated RGC reporter line in which the endogenous BRN3B (POU4F2) coding sequence was combined with the mCherry fluorescent protein gene via a P2A peptide [16] . While this reporter line is useful for RGC differentiation and isolation by fluorescence-activated cell sorting (FACS), the initial differentiation protocol that we reported is only of moderate efficiency and large-scale purification of the resulting RGCs has been challenging with this method because scaling with FACS is linear and is limited by the speed of the sorter. Additionally, FACS sorting of cells can induce cellular stress and can limit cell viability. In an effort to develop a simpler, more efficient, and easily scalable approach for generating large numbers of highly purified human RGCs, we have improved the efficiency of both the differentiation and RGC purification protocols. Here, we report a novel cell purification scheme based on CRISPR genome editing to generate a BRN3B-P2A-tdTomato-P2A-THY1.2 reporter line capable of RGC-specific immunopurification. Additionally, using a combination of differentiation promoting small molecules, we have improved our differentiation culture parameters to generate adherent cultures containing up to 50% of RGCs as a fraction of the total population of cells, demonstrated the transcriptional similarity of the resulting stem cell-derived RGCs to endogenous human RGCs, and developed a cell culture-based injury model suitable for high-throughput screening of RGC survival promoting molecules.
MATERIALS AND METHODS

Plasmid Construction
We used our previously generated [16] gRNA (Addgene plasmid #62988, Cambridge, MA, https://www.addgene.org) [20] for targeting BRN3B and a modified version of the donor plasmid template with a replacement of mCherry with tdTomato-P2A-THY1.2, that is, BRN3B-P2A-tdTomato-P2A-THY1.2. PCR was used to open the donor plasmid at the homology arms and to amplify the cDNAs of THY1.2 and tdTomato. All three pieces were assembled into one donor vector using Gibson Assembly (NEB, Ipswich, MA, https://www.neb.com). The stop codons of BRN3B and tdTomato were removed by design during PCR to allow for translation to continue through the P2A sites. The gRNA target genomic sequence is destroyed by integration of the reporter into the genome and this sequence is not present in the homology template plasmids.
Reporter Line Generation
Gene editing of H7 or H9 (WiCell, Madison, WI, https://www. wicell.org) human embryonic stem cells (hESCs) was performed as previously described [16] with the following modifications. Electroporation was performed using the Neon Transfection System 10 mL Kit (ThermoFisher Scientific, USA, http://www.thermofisher. com) according to the manufacturer's instructions. Briefly, hESCs were dissociated with TrypLE Express (ThermoFisher Scientific) and centrifuged to form a pellet of 150-250 3 10 3 cells. The cell pellet was resuspended in ice-cold R-buffer containing the plasmid encoding the gRNA and Cas9 and the donor plasmid. Electroporation was performed using the following parameters: voltage 1,100 V; interval 30 ms; 2 pulses. After electroporation, the cell suspension was transferred to low growth factor Matrigel (BD Biosciences, San Jose, CA, http://www.bdbiosciences.com) coated plates with mTeSR1 medium (Stemcell Technologies, Cambridge, MA, https://www.stemcell.com) containing 5 mM blebbistatin (SigmaAldrich, USA, http://www.sigmaaldrich.com). These cells were subsequently passaged as single cells at a low density of 500 cells per well of a 6-well plate. The resulting stem cell colonies were individually picked and screened for reporter integration by PCR using the following forward and reverse primers (5 0 -3 0 ):
forward: GGAGAAGCTGGACCTGAAGAAAAACGTGGTG reverse: CCTTGGTGAAATCTAAAATCTGAAGGGCAAACACC For BRN3B-H9 validation the following primers were used:
forward: GGAGAAGCTGGACCTGAAGAAAAACGTG reverse: CCTTGGTGAAATCTAAAATCTGAAGGG
The genomic region containing the integration site was amplified to determine zygosity for the reporter gene. We isolated one heterozygous reporter positive clone from H7 hESCs, named E4-H7. An additional homozygous BRN3B-P2A-tdTomato-P2A-THY1.2 reporter clone was isolated from H9 hESCs and named BRN3B-H9. All stem cell lines tested negative for predicted off-target mutations [16] and demonstrated a normal karyotype (Cell Line Genetics, Madison, WI, https://www.clgenetics.com and Cytogenetics Laboratory, Johns Hopkins Medical School, Baltimore, MD, http:// pathology.jhu.edu/cytogenetics).
Human ESC Maintenance
Stem cells were maintained by clonal propagation in mTeSR1 media on growth factor-reduced Matrigel coated plates [21] at 10% CO 2 /5% O 2 . hESC colonies were passaged by dissociation with Accutase (Sigma-Aldrich) or TrypLE Express. mTeSR1 media containing 5 mM blebbistatin was used for maintenance of single cells.
Human ESC Differentiation to RGCs
hESCs were dissociated to single cells and plated on Matrigel or Synthemax II-SC Substrate (Corning, USA, https://www.corning. com) coated plates at a density of 52.6 K/cm 2 in mTeSR1 with 5 mM blebbistatin, a time point designated as day minus 1 (d-1). Unless otherwise specified, a Matrigel cover layer was not added to the cultures after plating. One day after plating, mTeSR1 was completely exchanged for N2B27 media [1:1 mix of DMEM/F12 and Neurobasal with 13 GlutaMAX Supplement, 13 antibioticantimycotic, 1% N2 Supplement, and 2% B27 Supplement (all from ThermoFisher Scientific)] to start differentiation; this day was designated as day 0 (d0). Small molecules were added to the cells on day 1 (d1), 24 hours after d0. Small molecule addition was done in fresh N2B27 media. Cells were fed with a full exchange of N2B27 media every other day unless a small molecule was to be removed or added on that day of differentiation, requiring daily feeding. The following small molecules were aliquoted as 1,0003 stocks in dimethyl sulfoxide (DMSO) and used at the working concentration noted in parentheses: Forskolin (FSK; 25 mM-Cell Signaling Technology, Danvers, MA, https://www.cellsignal.com), Dorsomorphin (1 mM-R&D Systems, Minneapolis, MN, https:// www.rndsystems.com), IDE2 (2.5 mM-R&D Systems), DAPT (10 mM-Cell Signaling Technology), LDN-193189 (0.5 mM-Stemgent, Lexington, MA, https://www.stemgent.com), SB431542 (10 mMSigma-Aldrich). Nicotinamide (NIC; Sigma-Aldrich) was resuspended in water at 1003 and used at a 10 mM working concentration. Noggin (ThermoFisher Scientific) was resuspended in 10 mM acetic acid with 0.5% bovine serum albumin (BSA) for a 1,0003 stock and used at 100 ng/ml. All small molecules were added as indicated. Specifically, for our DIDNF1D protocol, Dorsomorphin and IDE2 (DID) were added from day 1 to 6, NIC from day 1 to 10, (FSK from day 1 to 30, and DAPT from day 18 to 30. Differentiation was carried out at 378C in 5%CO 2 /20% O 2.
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Fluorescence Microscopy
Fluorescence images were taken using the Eclipse TE-2000S inverted microscope (Nikon, Tokyo, Japan, http://www.nikon.com) or the EVOS FL Auto Cell Imaging System (ThermoFisher Scientific). The EVOS FL Auto Cell Imaging System was used for scanning whole well live culture plates. During imaging experiments, cells were maintained in a live cell chamber at 378C with 5% CO 2 and 85% humidity.
Immunocytochemistry
BRN3B-H9-derived RGCs were used for analysis. These cells were differentiated to day 40 and purified using magnetic activated cell sorting (MACS). Cells were fixed with 4% paraformaldehyde in 0.2 M Sorenson's phosphate buffer (pH 7.4) for 10 minutes at room temperature, washed three times with PBS, permeabilized and blocked in 0.1% Triton X-100 in PBS with 5% BSA and 5% horse/goat serum for 1 hour at room temperature, and then incubated with primary antibody overnight at 48C with 0.1% Triton X-100, 2% BSA, and 2% horse/goat serum in PBS. Primary antibodies used were TUJ1 (mouse, 1:2,000, Covance, MMS-435P, Princeton, NJ, https://www.covance.com) and RBPMS (rabbit, 1:50, Santa Cruz Biotechnology, sc-133950, Dallas, TX, https://www.scbt.com). Cells were incubated with species-specific corresponding secondary antibodies for 45 minutes at room temperature. Secondary antibodies used were Alexa Fluor-488 and 647 conjugated antibodies (1:1,000, ThermoFisher Scientific). DAPI (4 0 ,6-diamidino-2-phenylindole, dihydrochloride, ThermoFisher Scientific) was used to stain nuclei. Washes after primary and secondary antibody staining were performed with 0.04% Triton X-100 in PBS. Fluorescence images were acquired with an EVOS FL Auto 2 Cell Imaging System (ThermoFisher Scientific).
High-Content Image Analysis
To quantify the total fluorescence area induced by small molecule treatment during differentiation, whole well images were taken with a Cellomics ArrayScan VTI HCS Reader (ThermoFisher Scientific), and quantified using the SpotDetector Bioapplication.
Flow Cytometry and Fluorescence-Activated Cell Sorting
To set the sorting gates, we used identically differentiated reporter-less H7 or H9 hESCs to define the tdTomato1 or mCherry1 cell populations. Side scatter height versus width linear alignment filters were used to minimize cell aggregates. To prepare cells for flow cytometry, differentiated cultures were dissociated into a single cell suspension. Cultures were washed with phosphate buffered saline (PBS, pH 7.4), incubated with TrypLE Express for 15 minutes at 378C, and then further incubated with Accumax (Sigma-Aldrich) for an additional 45 minutes. Following centrifugation, the cell pellet was resuspended in Live Cell Imaging Solution (ThermoFisher Scientific). The single cell suspension was then passed through a cell strainer (BD Biosciences) prior to analysis and sorting with an SH-800 Cell Sorter (Sony Biotechnology, San Jose, CA, https://www.sonybiotechnology.com). Following sorting, the cells were maintained in N2B27 with 10 mM FSK and 10 ng/ml CNTF (PeproTech, Rocky Hill, NJ, https://www.peprotech.com) on Matrigel coated plates.
Immunopanning of Human RGCs
Immunopanning was performed as described in Welsbie et al. [5] . Briefly, differentiated cells of day 35 or older were dissociated in the same manner as for flow cytometry analysis and then immunopanned on plates preconjugated with an anti-THY1.2 antibody (Bio-Rad, MCA02R, Hercules, CA, https://www.bio-rad-antibodies. com) or an anti-human THY1 antibody (EMD Millipore, USA, http://www.emdmillipore.com, F15-42-1) and goat anti-mouse IgM (Jackson ImmunoResearch, West Grove, PA, https://www. jacksonimmuno.com) at room temperature. After washing, bound cells were removed from the plate by a cell lifter and cultured on Matrigel coated dishes in N2B27 media. Flow cytometry was used to analyze the percentage of RGCs before and after panning.
MACS Purification of Human RGCs
Cells were prepared for MACS in the same manner as for flow cytometry/immunopanning. All reagents were purchased from Miltenyi Biotec (Auburn, CA, http://www.miltenyibiotec.com) and manufacturer instructions were followed. For cell numbers less than 50 million, MS columns were used, while LS columns were used to purify larger numbers of cells. CD90.2 (THY1.2) MicroBeads were added to the cell suspension and incubated at room temperature for 15 minutes for cell binding. To increase RGC purity, cells were generally run through one LS column followed by an MS column without additional supplementation of MicroBeads. Purity was assessed by flow cytometry using the previously determined fluorescence threshold.
RNA-Sequencing Analysis
BRN3B-H9-derived RGCs were used for analysis. These cells were differentiated to day 40 on Matrigel and purified using MACS. First strand cDNA synthesis was performed with 195 ng of total RNA using anchored oligo-dT and SuperScript III First-Strand Synthesis SuperMix (ThermoFisher Scientific). Second strand cDNA synthesis was performed using RNase H, DNA Polymerase I, and Invitrogen Second Strand Buffer (ThermoFisher Scientific). Double stranded cDNA was purified using DNA Clean & Concentrator-5 (Zymo Research, Irvine, CA, https://www.zymoresearch.com). Tagmentation was performed using the Nextera DNA Library Preparation Kit (Illumina, USA, https://www.illumina.com). Tagmented DNA was purified using DNA Clean & Concentrator-5 before Nextera PCR amplification. Libraries were cleaned using Agencourt AMPure XP beads according to the manufacturer instructions (Beckman Coulter, Indianapolis, IN, https://www.beckman.com). Libraries were evaluated by the High Sensitivity DNA Kit on the 2100 Bioanalyzer. They were then multiplexed and sequenced on an Illumina MiSeq with 76 bp paired end reads. Sequencing was performed to an average depth of approximately 8 million paired end reads per sample (range 7,085,422 to 8,829,967) and the average mapping rate was 70.2% (range 68.7 to 73.2). Reads were aligned to Gencode Release 24 (GRCh38.p5) using HISAT2 (v2.0.1-beta) [22] . Cuffquant and Cuffnorm (Cufflinks v2.2.1) were used to quantify expression levels and calculate normalized FPKM values [23] . We used the clustering function hclust and R version 3.2.2.
RGC Survival Assay
RGCs were immunopurified as described above and cultured in N2/B27 media in 96-or 384-well plates for 5 days. Cells were then challenged with colchicine, at the indicated concentration. At the time of injury, cells were either treated with tozasertib (BioVision, Milpitas, CA, http://www.biovision.com) or the vehicle control, or transfected with DLK versus control siPOOL (siTOOLs Biotech, Planegg, Germany, https://www.sitoolsbiotech.com), using RNAiMAX (ThermoFisher Scientific) (50 nl per 96-well plate well, 30 nl per 384-well plate well). Survival was measured 48 hours later using CellTiter-Glo (Promega, Madison, WI, https://www.promega.com), an ATP-based luminescence cell survival assay.
RESULTS
Generation of a Novel BRN3B Reporter Line Suitable for Immunopurification of RGCs
We sought to expand upon the utility of our previously described BRN3B-P2A-mCherry (A81-H7) reporter cell line [16] by developing a protocol for RGC isolation from stem cell culture that was not based on FACS in order to decrease the significant time required for purification, as well as to reduce the cell injury that can be induced by FACS. Since primary rodent RGCs are routinely immunopurified from culture using antibodies to the wellcharacterized RGC surface protein, THY1 [24] , we explored whether the endogenously expressed human THY1 could be used for immunopanning of A81-H7-derived human RGCs. We first tested A81-H7-derived retinal cultures for binding to immunopanning plates coated with either anti-mouse THY1.2 or anti-human THY1 antibodies and found that only anti-human THY1 antibody coated plates were able to bind human stem cell-derived cells, demonstrating the species specificity of these antibodies (Supporting Information Fig. S1a ). However, although BRN3B/mCherry positive cells did bind to anti-human THY1 antibody coated plates, more nonfluorescent cells resembling fibroblasts, a cell type known to express THY1 [25] , were also bound, resulting in a lack of substantial RGC enrichment (Supporting Information Fig. S1b ). To generate an improved stem cell line in which differentiated RGCs could be more specifically isolated by immunopurification, we engineered a stem cell BRN3B-RGC reporter line with a surface antigen suitable for simple and efficient human RGC purification. We chose murine THY1.2 as an ideal antigen for this purpose for three reasons: (a) good anti-THY1.2 antibodies that do not bind to human cells are readily available (Supporting Information Fig.  S1a ), (b) methodology for THY1.2-based immunopurification is well established, and (c) THY1.2 is a relatively "non-foreign" protein for human RGCs because they already express a high similarity ortholog of this protein endogenously (THY1). In order to observe and immunopurify fluorescent RGCs while retaining normal BRN3B expression, we used P2A peptide sequences to link tdTomato [26] and THY1.2 with BRN3B in a single transcript (Fig.  1A) . We utilized CRISPR-Cas9 genome editing and homology directed repair to modify H7 hESCs using a donor vector for the BRN3B-P2A-tdTomato-P2A-THY1.2 sequence and a gRNA targeting the BRN3B stop codon. Following transfection, one of seventytwo analyzed clones tested positive for correct reporter integration, a heterozygous clone that we named E4-H7 (Fig. 1B) .
Reporter Line Differentiation and Immunopurification
We used our previously described protocol [16] to induce RGC differentiation of the E4-H7 cell line. As with our BRN3B-P2A-mCherry cultures, we first observed BRN3B1/tdTomato1 RGCs around day 25 of differentiation and additional fluorescent RGCs continued to emerge over time (Fig. 1C) . We immunopanned the differentiated cells using anti-THY1.2 panning plates to purify a population of fluorescent RGCs that were >99% pure as assessed by flow cytometry and fluorescence microscopy ( Fig. 2A, 2B ).
Despite their high purity, the yield of isolated RGCs was suboptimal (<50%) as a large number of fluorescent cells did not bind to the immunopanning plates ( Fig. 2A, 2B) . To increase yield, we tested an alternative immunopurification-based approach, MACS [27, 28] . In contrast to immunopanning, MACS purification resulted in increased RGC retention and yield (>70%), primarily by more efficiently binding the cells that expressed a lower level of tdTomato while maintaining a similarly high level of purity (>95%; Fig. 2C, 2D ).
Development of an Improved and Simplified RGC Protocol
Building upon the above described improved purification strategy, we next wanted to further optimize and simplify the RGC differentiation protocol. Although our initial protocol involved two Matrigel coating steps (one to coat the plates followed by a second layer to cover the cells), we found that the second step was unnecessary. Simply pre-coating the plates with Matrigel yielded a similar <5% proportion of differentiated fluorescent RGCs (Supporting Information Fig. S2a) as we reported previously with the two-step procedure [16] . As with the A81-H7 line, RGC differentiation of E4-H7 cells was also significantly enhanced by the addition of FSK (Supporting Information Fig. S2a) . Additionally, we augmented our protocol from plating hESC colony clusters in favor of plating defined numbers of dissociated single cells in order to decrease variability, establishing 50,000 cells per cm 2 as the optimal density for RGC differentiation (Supporting Information Fig. S2b) .
Since the dual SMAD inhibition protocol described by Chambers et al. [29] is known to efficiently generate neural progenitors of an anterior fate [29] , we tested whether the combination of SB431542 and LDN-193189 [30] , transforming growth factor beta (TGF-b) and bone morphogenetic protein (BMP) pathways inhibitors, respectively, would increase the number of differentiating RGCs in our culture conditions. Counterintuitively, SB431542 inhibited retinal differentiation of fluorescent RGCs, an effect that was more pronounced with addition of LDN-193189 (Supporting Information Fig. S2c) . Notably, Eiraku et al. [13] had previously reported SB431542-mediated suppression of Matrigel-induced spontaneous retinal differentiation, an effect that occurred potentially due to inhibition of Nodal, a member of the TGF-b family that acts through Activin receptors [31] . Therefore, we tested the effect of removing SB431542 while retaining BMP inhibition. Interestingly, the sole addition of the BMP inhibitor Dorsomorphin (DSM) [15] also decreased the number of RGCs produced in differentiation (Fig. 3A) . This decrease could be due to the residual inhibition of Activin by DSM [32] , a weaker inhibition than the one bestowed by SB431542, but an effect that could impact Nodal signaling. Additionally, the endogenous BMP signaling inhibitor protein, Noggin, also failed to increase RGC differentiation when added alone and actually appeared inhibitory to RGC genesis under our conditions (Fig. 3B ).
Simultaneous Inhibition of BMP and Activation of Nodal Improves RGC Differentiation
We speculated that an increase in Nodal signaling could possibly diminish the inhibitory DSM effect on RGC differentiation. To test this hypothesis, we added IDE2, a small molecule capable of replacing Nodal in stem cell differentiation [33] . Although IDE2 was not able to increase RGC differentiation on its own (Fig. 3C,  3D ), in combination with DSM or LDN-193189 it increased the number of RGCs in culture (Fig. 3D) . Notably, when we applied the two small molecules together to cultures differentiated with a Matrigel cover layer, per our prior protocol [16] , they did not have a positive effect on differentiation (Supporting Information  Fig. S3a) .
As the combination of DSM and IDE2 (DID) was most effective at promoting RGC differentiation, we further optimized the timing of addition of these small molecules. A time course of DID treatment established that these small molecules were best added during days 1 through 6 of our differentiation protocol (Supporting Information Fig. S3b, S3c ).
DID Combination with NIC and FSK Further Drives RGC Differentiation and Can Replace Matrigel
While we were optimizing our DID conditions, we also tested whether the addition of NIC, a molecule implicated in neuronal as well as retinal pigment epithelium (RPE) differentiation [34] [35] [36] , could be helpful to RGC genesis. Although NIC alone did not appear beneficial, we noticed an increase in RGC differentiation when NIC was combined with FSK (Supporting Information Fig.  S4a, S4b) . We then tested whether there would be a positive effect from addition of NIC and FSK (NF) to the DID cocktail, a combination we termed DIDNF. Indeed, DIDNF generated the most statistically significant percent increase of reporter positive cells, up to 20% (Fig. 4A) .
Encouraged by the results with DIDNF, we tested whether this combination of molecules would be able to replace the need for Matrigel in RGC differentiation. Matrigel is an animal product that contains thousands of proteins [37] and exhibits significant lot to lot variability [38] , making it less than ideal for protocol standardization and consistency. We tested Synthemax as a plate coating as it is an animal-free, synthetic, and defined substrate [39] [40] [41] . We (Fig. 4B, Supporting Information  Fig. S4c, S4d) . However, while the addition of DID or NF alone led to generation of a small number of RGCs on Synthemax, the full DIDNF combination led to an efficiency of RGC differentiation that was similar to that obtained with Matrigel, over 20% (Fig. 4B , Supporting Information Fig. S4c, S4d) . Importantly, while NF did lead to a statistically significant increase in RGCs as a percentage of the population (Fig. 4B) , NF resulted in low overall cell number, and DIDNF was needed to generate an RGC yield similar to that observed with Matrigel-assisted differentiation (Supporting Information Fig. S4c, S4d) .
DAPT Further Improves Efficiency of RGC Differentiation
Since Notch signaling has been implicated in RGC development [42] , and a number of stem cell studies have shown that Notch inhibition by N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT) can increase RGC differentiation [43, 44] , we tested whether addition of DAPT to the DIDNF protocol would further increase the efficiency of RGC generation. DAPT did not improve RGC yield when differentiation was carried out in the presence of a Matrigel cover layer (Supporting Information Fig.  S5a ). However, when differentiation was carried out without a Matrigel cover layer, DAPT did increase RGC generation efficiency when it was added from day 18 to 30, a window that we hypothesized would give retinal progenitors enough time to form and then be biased toward the RGC lineage (Fig. 4C , Supporting Information Fig. S5b) . Moreover, DAPT in combination with DID further increased RGC yield over DAPT or DID alone to values as high as 33%. Since the timing of DAPT addition was estimated, a time course for DAPT addition was then performed, which resulted in RGC percentages as high as 51.8% (Fig. 4D , Supporting Information Fig. S5c, S5d) . We saw no benefit from starting DAPT treatment later than day 18 or from longer DAPT treatment past day 30; however, starting treatment earlier than day 16 appeared to be detrimental. Thus, the original DAPT addition from day 18 to 30 was incorporated as part of our optimized protocol (DIDNF1D; Fig. 4E ).
Validation of DIDNF1D in Other Cell Lines
To determine whether our DIDNF1D differentiation protocol would work efficiently in other cell lines, we first validated the protocol in the BRN3B-P2A-mCherry (A81-H7) stem cell line (Fig.  5A) . Then, we generated an additional reporter line from a different parental hESC population, H9 hESCs, using our BRN3B-P2A-tdTomato-THY1.2 donor plasmid (Supporting Information Fig. S6) . Again, the small molecule cocktail increased RGC yield in this new BRN3B-H9 reporter line when differentiated on either Matrigel or Synthemax (Fig. 5A , 5B) with no apparent difference in cell morphology between the two plate coatings (Supporting Information Fig. S7) . Additionally, as with E4-H7 cells, BRN3B-H9 cells failed to differentiate to RGCs on Synthemax coated plates in the absence of the small molecule cocktail, and we were still able to successfully purify BRN3B-H9-derived RGCs using anti-THY1.2 MACS methodology (Fig. 5C ). While the differentiation percentage varied, these results demonstrate that the DIDNF1D protocol is active in several cell lines and is able 
RNA-Sequencing and Immunocytochemical Analysis of RGC Cell Fate and Differentiation
To assess the molecular similarity of the RGCs generated with our new small molecule supplemented protocol to RGCs generated with our prior protocol [16] , we compared the RGCs generated by the two protocols by RNA-sequencing-based gene expression profiling. We found that DIDNF1D differentiated tdTomato1 cells were highly similar to cells differentiated without small molecules, and confirmed that both populations expressed the expected RGC-associated genes (Fig. 6A, 6B) . Additionally, we compared our RNA-sequencing data to published microarray data for the ganglion cell layer (GCL) and [45] . Expression levels were averaged across microarray probes mapping to the same gene. Only genes that were detected in both the RNAsequencing and the microarray data sets were analyzed. The most differentially expressed genes between the GCL and OR O c 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by (q value < 0.1 and fold change >10) were used for hierarchical clustering [46] , which showed that despite the very different methods used, stem cell-derived RGCs showed high similarity to the LCM-isolated endogenous human RGC population (Fig. 6C) .
After analyzing gene expression at the mRNA level by RNAsequencing, we utilized immunocytochemistry to assess at the protein level the expression of the RGC marker RBPMS [47, 48] and the neuronal marker TUJ1 in the purified human RGCs generated using the DIDNF1D protocol. The stem cell-derived RGCs stained positive for both markers (Supporting Information Fig. S8 ), further supporting their RGC identity.
Development of a Stem Cell-Derived RGC Assay Suitable for Functional Genomic Screening
One potential use of human stem cell-derived RGCs is to screen for neuroprotective drugs and/or drug targets that promote RGC survival. Such neuroprotective strategies could be developed to complement current IOP-based treatments for glaucoma [49, 50] , and additionally, they might be useful for the treatment of other optic neuropathies. We have previously used high-throughput functional genomic screening in primary mouse RGCs to identify dual leucine zipper kinase (DLK, MAP3K12) as a key mediator of axon injury signaling and RGC cell death [5, 51] . In this prior work, we also identified tozasertib, a protein kinase inhibitor with activity against DLK, as being neuroprotective for rodent RGCs in vitro and in vivo.
Building upon this earlier mouse RGC work, we sought to develop a human RGC-based injury assay that could be similarly used for disease modeling and drug development. As a stressor to induce human RGC cell death we chose to challenge the cells with the microtubule destabilizer colchicine, which has previously been used to model axonal injury [52] [53] [54] [55] . Two days after colchicine challenge, a dose-response curve for viability was generated using the CellTiter-Glo luminescence-based cell survival assay (Fig. 7A) . Based upon these results, we chose a dose of 1 mM colchicine for assay development as this dose resulted in a plateau of approximately 70%-90% human RGC cell death. We then tested whether human stem cell-derived RGCs recapitulated the injury signaling seen in rodents by pharmacologically and genetically inhibiting DLK. Consistent with our previous murine RGC results [5] , tozasertib impressively promoted human RGC survival (Fig. 7B) .
We also optimized siRNA-based knockdown of gene expression in the human RGCs to be able to explore cell-signaling pathways. For these studies, we utilized a system of high-complexity pooled siRNAs (siPOOLs) that are designed to limit off-target effects [56] . Again, consistent with our previous murine RGC results [5] , DLK siPOOL increased survival of the human RGCs (Fig.  7C) . Finally, we leveraged the activity of the DLK siPOOL in order to validate the feasibility of performing a high-throughput functional genomic screen with the human RGCs. Using automated liquid handling, stem cell-derived RGCs were seeded into a section of a 384-well plate, transfected with DLK versus control siPOOL and then assayed for survival 2 days after colchicine challenge (Fig. 7D) . By measuring the variation in survival for the negative (i.e., control siPOOL transfected) and positive control (i.e., DLK siPOOL transfected) cell populations, we determined that the platform had a Z 0 of 0.25, a reasonable value given the cellular variability of stem cell-derived neurons, and far greater than our initial primary RGC-based screen [5] . Taken together, these results suggest that DLK-mediated axon injury signaling is conserved in 
DISCUSSION
The use of stem cell-derived cells for research that requires large numbers of cells, such as high-throughput drug discovery or biochemical inquiry, is often hindered by a lack of robust differentiation and purification techniques suitable for generating sufficient numbers of the relevant cell types of interest. As one example, although human RGCs are a medically relevant cell type that presents many opportunities for drug discovery [57] and stem cell differentiation to RGCs has been reported by a number of groups [11-14, 16, 17, 58, 59 ], large-scale production of purified RGCs from stem cell culture remains challenging. The challenges include the limited efficiency of available differentiation protocols and problems associated with the scalability of the purification methods, which can require slow and expensive equipment in the case of FACS.
To address these limitations, we designed a novel RGC reporter cell line that allows for large-scale affinity isolation of highly purified human RGCs. We used CRISPR-Cas9 technology to knock in a P2A-tdTomato-P2A-THY1.2 sequence into the BRN3B locus, creating a unique surface antigen expressed with the cell type specificity of a transcription factor. We generated two such reporter lines, heterozygous E4-H7 and homozygous BRN3B-H9. Upon retinal differentiation of these cells, tdTomato1 fluorescent RGCs are generated that are capable of immunopurification via anti-THY1.2 antibody coated plates (immunopanning) or conjugated microbeads (MACS) in a much more efficient and accelerated manner than previously possible with FACS technology. Notably, during the preparation of this manuscript, Gill et al. described the use of MACS for endogenous THY1 to isolate human RGCs from a 3D stem cell differentiation culture [17] . However, as shown here and by Gill et al., standard THY1-based purification schemes of human stem cell cultures do not yield highly purified RGC populations because the cultures also contain significant numbers of non-RGC, THY11 cells.
The combination of genome editing, enhanced RGC differentiation, and MACS technology described here makes possible the isolation of a billion, or more, highly purified human RGCs. Cell numbers of this magnitude are practically unattainable with primary murine RGC culture. For comparison, with our differentiation protocol a single 6-well plate of stem cell culture yields approximately 80 million cells. If we assume a low end RGC fraction of 20%, then using MACS one would be able to conservatively purify more than 10 million human RGCs from one 6-well plate. A culture of 10 million cells would require the sacrifice and laborious dissection of more than 80 mice to generate an equal number of primary RGCs, assuming 100% yield and an average of 60,000 RGCs per mouse retina [60] . Thus, even in this smaller range, our system of human stem cell-derived RGCs offers clear practical advantages over primary murine RGC cultures in terms of scale and ease of isolation. It should also be noted that the THY1.2 purification strategy is not limited to RGCs. As these antibodies are highly species specific and perform exceptionally well within the stem cell differentiation system, theoretically any cell type of interest could be targeted for affinity purification using CRISPR and MACS technologies.
In addition to developing a simple, fast, and efficient protocol for stem cell-derived RGC purification, we have also improved the efficiency of RGC differentiation, up to 50% efficiency, from our previous protocol, which generally showed 10% or lower efficiency. This increased efficiency was achieved by optimizing the addition of DSM, IDE2, NIC, FSK, and DAPT, a combination we termed DIDNF1D. We added DSM (BMP inhibitor) and IDE2 (Nodal activator) to our differentiation culture based on the hypothesis that the dual SMAD differentiation protocol [29] was prohibitive to retinal genesis due to its inhibition of Nodal signaling. The need for Nodal signaling in retinal development has been highlighted previously. For example, it has been shown that inhibition of Nodal/Activin directs differentiation toward a caudal identity, that is, away from retinal development [61] . Moreover, zebrafish and mice with Nodal mutations display defects in eye development such as cyclopia [62, 63] as well as loss of ath5 (ATOH7) expression [64] , an essential gene for RGC development [65, 66] . Furthermore, recently a role for Nodal/Activin signaling in establishment of the eye field has been described in hESC [67] and mESC differentiation [68] and addition of IDE1, another Nodal agonist molecule similar to IDE2, has been used to enhance stem cell differentiation to RPE [69] . Surprisingly, we noticed that DSM alone decreased RGC differentiation, perhaps due to its weaker activity against Activin/Nodal [32] . Similarly, IDE2 alone did not increase RGC genesis, possibly due to the presence of Matrigel inducing enough Nodal signaling to promote peak differentiation. Strikingly, the combination of DSM with IDE2 (DID) did lead to increased RGC differentiation, suggesting that IDE2-increased Nodal signaling could compensate for DSM-induced inhibition of this pathway. Although more selective inhibitors of the BMP pathway could potentially improve differentiation over DSM [70] , DSM performed slightly better than LDN-193189 when combined with IDE2 and the BMP inhibitor protein Noggin did not drive RGC differentiation either, likely due to its own reported inhibition of Nodal [71] . Therefore, a combinatorial approach to differentiation such as we applied here may be the best current strategy as it appears to be difficult to exclusively inhibit the BMP pathway.
The timing of addition of DSM and IDE2 also proved crucial for retinal differentiation. During optimization, we found that these molecules promoted RGC differentiation best when added from day 1 to day 6. Interestingly, it has recently been reported that BMP4 addition to optic cup differentiation cultures increases retinal genesis if added on day 6 [72] , when further BMP inhibition would likely be detrimental [73] . In addition to utilizing the DID small molecule combination to promote differentiation to RGCs, we also observed that these molecules were additive with the previously identified FSK [16] and NIC [34] [35] [36] 69] (DIDNF). Notably, together these molecules could induce RGC differentiation in the absence of Matrigel, an outcome that was not possible without them in adherent culture. Moreover, since we used a chemically defined plate coating, Synthemax, the differentiation protocol became nearly xeno-free. The only remaining animal product in our protocol is the bovine serum albumin that is present in B27, and it can be replaced with human serum albumin if desired for a truly xeno-free system. Thus, our small molecule directed differentiation protocol allows for the production of RGCs in a completely chemically defined manner that could decrease variability and could potentially be used in future clinical cell-based applications [74, 75] .
To improve our protocol further, we added the Notch signaling inhibitor DAPT to promote differentiation of retinal progenitors toward RGCs [43, 44] . Importantly, during the initial optimization of our protocol, we removed the Matrigel cover layer that we used for prior differentiation experiments [16] , and only retained a Matrigel plate coating. In these conditions, DAPT resulted in an increase in RGC genesis and synergized with DIDNF, thus making the protocol DIDNF1D. Notably, the DAPT-induced RGC increase was nullified by a Matrigel cover layer, an observation that may explain the findings of Nakano et al. where a Matrigel cover layer was also used and DAPT had no effect on RGC differentiation [12] .
RNA-sequencing analysis revealed very little difference in gene expression between the purified RGC populations induced by the small molecules as compared with controls, suggesting that these small molecules drive the natural differentiation process. It will be interesting to determine if additional small molecules could alter the generated RGC population and reveal underlying regulators of RGC subtype specification. Similar to BRN3B, BRN3A and BRN3C have gRNA target sites around their stop codons with very few predicted off-targets, creating an ideal situation for reporter line creation using the method described herein. Using multiplexed BRN3A and BRN3C reporters in combination with BRN3B should allow for purification of RGC subtypes for further analysis [76, 77] . Likewise, an OPN4-P2A-tdTomato-P2A-THY1.2 reporter cell line for isolation of intrinsically photosensitive RGCs [78] expressing melanopsin (OPN4) could be generated.
CONCLUSION
To test one potential application of our highly-purified population of human RGCs, we developed a cell death survival assay by treating RGCs with colchicine to induce cell death, and then rescued the cells by pharmacologic and genetic inhibition of DLK [5] . We then used this approach to optimize a high-throughput siRNAbased screening platform and showed that we could detect known positive hits. Given that our methodology is capable of producing large numbers of human RGCs, this should enable kinome-scale or potentially genome-scale screens for novel neuroprotective drug targets. A similar high-throughput platform can also be combined with small molecule libraries to identify putative neuroprotective compounds. Moreover, through utilization of CRISPR-generated reporters in conjunction with high-content imaging, other phenotypic parameters could be assessed in a similar manner, for example, screening for mediators of neurite outgrowth or degeneration.
